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Measuring the mechanical properties of two-dimensional materials is a formidable task. While 
regular electrical and optical probing techniques are suitable even for atomically thin materials, 
conventional mechanical tests cannot be directly applied. Therefore, new mechanical testing 
techniques need to be developed. Up to now, the most widespread approaches require micro-
fabrication to create freely suspended membranes, rendering their implementation complex and 
costly. Here, we revisit a simple yet powerful technique to measure the mechanical properties 
of thin films. The buckling metrology method, that does not require the fabrication of freely 
suspended structures, is used to determine the Young’s modulus of several transition metal 
dichalcogenides (MoS2, MoSe2, WS2 and WSe2) with thicknesses ranging from 3 to 10 layers. 
We critically compare the obtained values for the Young’s modulus and their uncertainty, 
finding that this simple technique provides results, which are in good agreement with those 
reported using other highly sophisticated testing methods. By comparing the cost, complexity 
and time required for the different methods reported in the literature, the buckling metrology 
method presents certain advantages that makes it an interesting mechanical test tool for 2D 
materials. 
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Two-dimensional (2D) materials are promising candidates for future flexible electronics 
applications due to their combination of remarkable mechanical and electrical properties.[1] In 
fact, from the mechanics point of view, 2D materials are similar to polymers, as they are very 
elastic and resilient to large deformations [2,3], while keeping electronic performance 
comparable to that of crystalline 3D materials.[4,5] 
While the electrical and optical properties of 2D materials can be explored with conventional 
experimental tools developed to test 3D materials and thin film devices, probing the mechanical 
properties of 2D materials is more challenging, as neither bending nor tensile test macroscopic 
setups can be employed. Nanoindentation,[2,6–8] the analysis of the dynamics of nanomechanical 
resonators,[9] and the microscopic adaptation of tensile tests setups[10] or Brillouin scattering[11] 
have been developed to characterize the fundamental mechanical properties of 2D materials 
such as their Young’s modulus.[12,13] Although powerful, these techniques require dedicated 
setups and rather complex data acquisition and/or analysis. Alternative to these methods, 
Stafford et al.[14] introduced the buckling metrology method, a simple and elegant way to 
measure the Young’s modulus of thin polymeric films by studying the buckling instability, 
which arises when the film is deposited onto a compliant substrate, and it is subjected to uniaxial 
compression.[15] Under these conditions, the trade-off between the adhesion forces between film 
and substrate and the bending rigidity of the film leads to a rippling of the thin film with a 
characteristic wavelength that only depends on the elastic properties of the film and the 
substrate. This elegant method to characterize the mechanical properties of thin films has been 
extensively used to study coatings [14] and organic semiconducting materials.[16] However, it 
has been scarcely employed to study 2D materials[17–20], and it seems that is has been mostly 
overlooked by the 2D materials community. 
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Here, we apply the buckling-based metrology method to determine the Young’s modulus of 
transition metal dichalcogenide flakes with thickness ranging from 3 layers up to 10 layers. We 
use optical microscopy to determine both the number of layers and the rippling wavelength, 
which is therefore very fast and simple to implement. We critically compare the results obtained 
with this method and demonstrate that despite its simplicity it provides results in good 
agreement with other techniques to study the mechanical properties of 2D materials. We believe 
that the buckling-based metrology method provides a fast route to determine the Young’s 
modulus of 2D materials, being an excellent alternative to other existing nanomechanical test 
methods that are more technically demanding. 
The samples are fabricated by mechanical exfoliation of bulk layered TMDC crystals with 
adhesive tape (see Experimental section for details). The exfoliated material is then transferred 
onto a compliant elastomeric substrate (Gelfilm®, a commercially available 
polydimethylsiloxane, PDMS, film manufactured by Gelpac®) which is subjected to an 
uniaxial stress of ~20%. Right after the transfer, the stress on the elastomeric substrate is 
released, yielding to compressive uniaxial strain of the transferred flakes (Figure 1a shows a 
schematic diagram of the sample fabrication process). Note that due to the large Young’s 
modulus mismatch between the elastomeric substrate and the 2D materials only a small fraction 
of the substrate pre-stress will be transferred to the flakes after releasing the stress. Figure 1b 
displays optical microscopy images of a multilayered MoS2 flake after being transferred onto 
the pre-stressed elastomeric substrate and right after releasing the stress on the substrate. 
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Figure 1. (a) Sketch of the process employed to fabricate the samples used in the buckling 
metrology method. The flakes are transferred onto a stressed elastomeric substrate, when 
the stress on the substrate is released the flakes are subjected to uniaxial compressive 
strain that produces the buckling of the flakes. (b) Transmission mode optical microscopy 
images of a MoS2 multilayer flake (the thinner region is 7L thick) before and after 
releasing the stress on the elastomeric substrate. 
 
The rippled pattern (that can be seen more easily in the transmission mode optical image) arises 
from the buckling instability resulting from the balance between the energy required to bend 
the stiff 2D material, the energy to elastically deform the soft underlying Gelfilm and the 
adhesion energy between them. Interestingly, the wavelength of these ripples is independent on 
the initial pre-stress of the elastomeric substrate and it only depends on the materials properties 
of both flake and substrate:[14,21,22] 
𝜆 = 2𝜋ℎ [
(1−𝜈𝑠
2)𝐸𝑓
3(1−𝜈𝑓
2)𝐸𝑠
]
1/3
  (1) 
where h is the flake thickness, νs and νf are the Poisson’s ratio of substrate and flake and Es and 
Ef are the Young’s modulus of the substrate and flake respectively. This equation is valid under 
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certain assumptions: (a) the flake should follow a sinusoidal rippling, (b) Ef/Es >> 1, (c) the 
substrate should be much thicker than the flake, (d) the amplitude of the ripples should be much 
smaller than their wavelength (thus the shear forces are neglected), (e) the adhesion between 
the flake and substrate is strong enough to prevent slippage and (f) all the deformations are 
assumed to be elastic. 
According to Equation [1] spatial wavelength of the ripples monotonically depends on the 
thickness of the flakes, as the other parameters are fixed and they only depend on the intrinsic 
mechanical properties of the substrate and flake materials. Figure 2 shows a comparison 
between the rippled pattern observed in 3L, 7L and 10L MoS2 flakes whose thickness is 
determined via quantitative analysis of their transmittance [23] (see the Supporting Information). 
The optical microscopy-based thickness determination method provides accurate thickness 
values for flakes in the 1 to 10 layers range. For thicker flakes the absorption starts to saturate 
and thus the thickness uncertainty rapidly increases.  
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Figure 2. Grayscale white-light 
transmission mode optical microscopy 
images of the rippled pattern observed 
in 3L, 7L and 10L MoS2 flakes and their 
corresponding FFTs. Line cuts along 
the FFT maxima are included in the FFT 
panels. 
 
 
Using Equation [1], the Young’s modulus of the deposited 2D materials can be determined by 
measuring the thickness-dependent ripple period provided that νs, νf and Es are known values. 
The Poisson’s ratio of the Gelfilm (PDMS) substrate νs = 0.5 [24] and flake νf = 0.27 [25,26] are 
found in the literature, with low spread in their values. Moreover, the Young’s modulus is rather 
insensitive to small variations of the Poisson’s ratio (see Supporting Information Figure S11). 
Because the PDMS Young’s modulus values given in the literature show a large scattering 
(from 300 to 1000 kPa, strongly dependent on the curing process)[27,28], we have experimentally 
determined the Young’s modulus of our Gelfilm substrate Es = 492 ± 11 kPa (see the 
Experimental section and the Supporting Information for more details about the Gelfilm 
Young’s modulus determination). The Young’s modulus of MoS2 can be determined from the 
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slope of the linear relationship between the ripple period (λ) and the flake thickness (h) as 
follows: 
𝐸𝑓 =
3(1−𝜈𝑓
2)𝐸𝑠
8𝜋3(1−𝜈𝑠
2)
[
𝜆
ℎ
]
3
  (2) 
Figure 3a displays the measured ripple period and the flake thickness, determined from the 
analysis of the transmission mode optical images, of flakes 3 to 10 layers thick. Note that flakes 
thinner than 3 layers present ripples with a period < 0.6 µm and a small amplitude (< 6 nm) that 
cannot be resolved with optical microscopy (see the Supp. Info.) and flakes thicker than ~10 
layers typically yield very large flake-to-flake variation of their mechanical properties which 
has been attributed to the presence of stacking faults.[12,29,30]  In order to resolve the ripples in 
flakes thinner than 3 layers one can alternatively use AFM (see some experimental datapoints 
acquired by measuring the ripple wavelength through AFM in Figure 3a and its associated 
discussion in the Supp. Info.). The experimental data follows a clear linear trend, in agreement 
with Equation [1] and from its slope we determine Ef following Equation [2]: Ef = 246 ± 35 
GPa (see the Supporting Information for a discussion about the uncertainty determination). We 
observed a relatively large flake-to-flake variation of the ripple period (i.e. flakes with same 
thickness yield sizeably different ripple periods), which we attribute to the presence of small 
defects such as folds or wrinkles in some of the flakes. Therefore, measurements of several 
flakes with different thicknesses is needed to obtain a well-defined Young’s modulus value 
with a low uncertainty. We found that measurements over at least 6-8 flakes (with ≥4 different 
thicknesses) are needed to determine the Young’s modulus with an uncertainty comparable to 
that obtained with other mechanical testing techniques like nanoindentation (see the Supporting 
Information, Figure S9 and Table S3). 
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Figure 3. (a) Relationship between the 
wavelength of the ripples and the 
thickness of the MoS2 flakes. The solid 
dark blue line represents a linear fit to 
the experimental data, the shaded light 
blue area around it indicates the 
uncertainty of the fit. The slope of the 
wavelength vs. thickness relationship, 
from which the Young’s modulus of 
MoS2 can be determined, is also 
included in the plot. (b) Summary of the 
values for the MoS2 Young’s modulus, 
reported in in the literature and their 
comparison with the value obtained in 
this work (solid dark blue line, the 
shaded light blue area indicates the 
uncertainty) E = 246 ± 35 GPa. Details 
about the sample fabrication and the 
measurement technique for the 
reference datapoints have been included 
in the plot. 
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This Young’s modulus value is in good agreement with the values reported in the literature, 
determined through different experimental techniques. Figure 3b shows a comparison between 
the different values of the Young’s modulus for few-layer MoS2 available in the literature. In 
the Figure we specified the testing method and the sample fabrication method. The value 
determined with the buckling metrology method is in good agreement with the bulk value of 
MoS2, measured by neutron dispersion and X-ray diffraction measurements, and it is 
compatible within experimental uncertainties with most of recent works that studied ultrathin 
flakes through nanoindentation, the analysis of the dynamics of nanomechanical resonators, the 
microscopic version of the blister test and bimodal atomic force microscopy.[3,11,36,25,29–35] The 
only noticeable disagreement is with the values reported in Ref. [[11]], measured with a 
microscopic version of Brillouin light scattering. In that reference, however, the authors 
measured a polycrystalline sample fabricated by direct sulfurization of a metallic film. All the 
information contained in Figure 3b is also summarized in Table 1 to facilitate a quantitative 
comparison between the different methods.  
Table 1 summarizes values reported in the literature for other TMDCs (MoSe2, WS2 and 
WSe2)
[32,37,38] and directly compares these literature values with the ones obtained by repeating 
the process described above for MoS2 for the other members of the transition metal 
dichalcogenide family (see the Supporting Information). From the comparison between the S- 
and Se-based TMDCs there is a clear trend: the Young’s modulus of the S-based TMDCs is 
larger than that of Se-based ones. This trend is in good agreement with ab initio 
calculations.[26,39] 
 
Table 1. Summary of values for the Young’s modulus (and their uncertainties) reported in the 
literature for MoS2, MoSe2, WS2 and WSe2. The testing method as well as some characteristics 
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of the studied samples (fabrication method and number of layers) are highlighted in the table to 
facilitate the comparison between the different reported values. 
Material Testing method 
Sample 
E (GPa) Reference 
Isolation method # of layers 
MoS2 
Brillouin scattering Bulk natural crystal 238 [25] 
Nanoindentation 
Exfoliation (natural) 
5 to 25 290 ± 80 [29] 
5 to 25 330 ± 70 [29] 
1 270 ± 100 [3] 
2 220 ± 60 [3] 
1 210 ± 50 [31] 
CVD 1 to 2 264 ± 18 [32] 
Dynamics of mechanical 
resonator 
Exfoliation (natural) 
1 to 85 300 [30] 
10 to 108 200 [33] 
~8 315 ± 23 [34] 
~8 300 ± 18 [34] 
Micro-Buggle test 
Exfoliation (natural) 1 292 ± 54 [35] 
CVD 1 197 ± 31 [35] 
micro-Brillouin light scattering CVD-poly 
~8 20.1 ± 3.2 [11] 
~15 13.7 ± 2 [11] 
Bimodal AFM Exfoliation (natural) 
1 265 ± 13 [36] 
2 265 ± 13 [36] 
Buckling metrology method 
Exfoliation 
(natural) 
3 to 11 246 ± 35 This work 
MoSe2 
Micro-tensile test CVD 1 to 2 
177.2 ± 
9.3 
[37] 
Buckling metrology method 
Exfoliation 
(synthetic) 
5 to 10  
224 ± 
41 
This work 
WS2 
Nanoindentation CVD 1 272 ± 18 [32] 
Buckling metrology method 
Exfoliation 
(synthetic) 
3 to 8  
236 ± 
65 
This work 
WSe2 
Nanoindentation 
Exfoliation 
(synthetic) 
5 to 12 167 ± 7 [38] 
Buckling metrology method 
Exfoliation 
(synthetic) 
4 to 9  
163 ± 
39 
This work 
 
It is important to make a critical comparison between the different experimental techniques 
employed to determine the Young’s modulus values of 2D materials. In Table 2 we present key 
information about the requirements needed by these different methods for the sample 
fabrication and the measurement process as well as a coarse estimation of the time needed for 
those processes. The first noticeable difference is that unlike the other methods, the buckling 
metrology method does not require any lithographic process. On the other hand, the 
nanoindentation, the nanomechanical resonator-based method, the micro-blister test, the 
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microscopic version of the tensile test and the micro-Brillouin light scattering requires to 
fabricate freely suspended nanosheets, which significantly increases the complexity of the 
fabrication process and the time involved and it decreases the success yield. Moreover, we stress 
that the requirement of expensive lithography and etching setups necessary to fabricate the 
suspended sheets might be highly restrictive by preventing the implementation of these methods 
in many research groups without access to cleanroom facilities. The nanomechanical resonator-
based method also requires the use of a specialized experimental setup for the measurement of 
the mechanical properties of the flakes, which again can be a handicap for its implementation 
in many research groups. The micro-Brillouin scattering method also needs a very specialized 
equipment.[11] The sample fabrication of the buckling metrology method, on the other hand, 
does not require any specialized technique as it simply relies on the exfoliation of the 2D 
materials on top of the stressed elastomer substrate and an optical microscope. Common to all 
the methods is the need to determine the number of layers, which can be done with atomic force 
microscopy (time needed for the measurement ~30-60 min) or optical microscopy (~1-10 min). 
 
Table 2. Critical comparison between the different methods reported in the literature to test the 
mechanical properties of 2D materials. Key requirements for the sample fabrication and the 
measurement process are indicated as well as a qualitative estimation of the time needed in 
these processes and the complexity of the implementation (indicated with the symbol “⚫”, the 
more symbols the more time/complexity is needed). *Multiple flakes are needed in the buckling 
metrology method to reduce the experimental uncertainty (see the main text). 
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Technique 
Sample fabrication Measurement 
Complexity Cost Ref. 
Requirements Time Requirements Time 
Nanoindentation 
Lithography + 
flake transfer 
⚫⚫ 
AFM 
Air 
atmosphere 
⚫⚫ ⚫⚫ ⚫⚫ [2,3,29,31,32] 
Nanomechanical 
resonator 
Lithography + 
flake transfer 
⚫⚫ 
Interferometer 
(or electrical 
read-out) 
High 
frequency 
electronics 
High vacuum 
⚫⚫ ⚫⚫⚫ ⚫⚫ [30,33,34] 
Micro-blister 
test 
Lithography + 
flake transfer + 
high pressure 
chamber 
⚫⚫⚫ 
AFM 
Air 
atmosphere 
⚫⚫⚫ ⚫⚫⚫ ⚫⚫ [35] 
Micro-Brillouin 
scattering 
Lithography + 
flake transfer 
⚫⚫ 
Modified 
micro-Raman 
spectrometer 
Air 
atmosphere 
⚫⚫ ⚫⚫ ⚫⚫ [11] 
Micro-tensile 
test 
Lithography + 
flake transfer 
⚫⚫⚫ 
SEM 
High vacuum 
⚫⚫ ⚫⚫⚫ ⚫⚫⚫ [37] 
Bimodal AFM 
Direct 
exfoliation on 
substrate 
⚫ 
AFM 
Air 
atmosphere 
⚫ ⚫⚫ ⚫⚫ [36] 
Buckling 
metrology 
method 
Direct 
exfoliation on 
substrate 
⚫ 
Optical 
microscope 
Air 
atmosphere 
Multiple 
flakes* 
⚫⚫* ⚫ ⚫ 
This 
work 
 
CONCLUSIONS 
In summary, the buckling metrology method provides a fast and easy way of measuring the 
mechanical properties of 2D materials as compared with conventionally employed approaches 
(nanoindentation, nanomechanical resonators, blister test and micro-Brillouin light scattering). 
We demonstrate this method with MoS2 and found that it provides Young’s modulus values in 
good agreement with the literature values. Because of its simplicity, the fast measurement speed 
and straightforwardness of the data analysis we believe that this method can be a highly 
attractive way to study the mechanical properties of 2D materials. 
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NOTE: During the elaboration of this manuscript we became aware of a recent publication 
where another technique to measure the mechanical properties of supported (not freely 
suspended) 2D materials.[31] The mechanical properties of single- and bilayer MoS2 
supported onto a SiO2/Si surface were measured with a bimodal AFM. The technique relies in 
the use of a multifrequency AFM in combination with finite elements analysis in order to 
extract Young’s modulus. 
 
Experimental Section  
Materials:  
MoS2 samples were prepared out of a bulk natural molybdenite crystal (Moly Hill mine, 
Quebec, Canada). MoSe2 and WSe2 samples were prepared out of bulk synthetic crystals grown 
by physical vapour transport method (provided by Prof. Rudolf Bratschitsch). WS2 samples 
were prepared out of a bulk synthetic crystal grown by physical vapour transport method at 
Tennessee Crystal Center. The elastomer substrate used in this work is a commercially available 
polydimethylsiloxane-based substrate manufactured by Gelpak® (both Gelfilm® WF X4 6.0 
mil and Gelfilm® PF X4 6.5 mil were used with identical results). 
Determination of the Young’s modulus of the Gelfilm® substrate:  
The Young’s modulus of the elastomeric substrate has been determined by means of a force vs. 
elongation experiment where different forces are applied to a Gelfilm® strip (63.5 mm × 10 
mm × 0.165 mm) by loading different test masses at one end of the strip and monitoring the 
relative changes in length upon loading though a Canon EOS 1200D camera equipped with a 
EF-S 18-55 DC III objective lens. See the Supporting Information for more details. 
Optical microscopy:  
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Optical microscopy images have been acquired with an AM Scope BA MET310-T upright 
metallurgical microscope equipped with an AM Scope mu1803 camera with 18 megapixels. 
The calibration of the optical magnification system has been carried out by imaging standard 
samples: one CD, one DVD, one DVD-R, and two diffraction gratings with 300 lines/mm 
(Thorlabs GR13-0305) and 600 lines/mm (Thorlabs GR13-0605). See details about the 
calibration in the Supporting Information. 
Image analysis:  
The quantitative analysis of the transmittance of the flakes and the rippling wavelength has been 
carried out using Gwyddion® software.[39]  
Thickness determination:  
The thickness determination has been carried out by extracting the transmittance of the blue 
channel of the transmission mode optical microscopy images and comparing it with the results 
of a reference (not-buckled) sample. See the Supporting Information for more details.  
Atomic Force Microscopy (AFM): 
Atomic force microscopy measurements were carrier out with an ezAFM from NanoMagnetics 
Instruments operated in tapping mode with cantilevers of 40 N/m and a resonance frequency of 
300 kHz. 
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Determination of the Young’s modulus of the Gelfilm substrate 
 
Figure S1. Gelfilm strip (10 mm wide, 
165.1 µm thick) subjected to a tensile 
test. The load force is applied by using 
test masses. The sequence of optical 
images shows the change in length upon 
force load which can be used to 
quantitatively extract the Young’s 
modulus of the Gelfilm. 
 
 
 
Figure S2. Force vs. elongation (ΔL) of 
the Gelfilm strips (9 different strips with 
different geometries, see Table S1, have 
been measured). The elongation has been 
normalized to the initial length and the 
width and thickness to compare datasets 
of strips with different geometries. This 
normalization also allows one to directly 
extract the Young’s modulus from the 
slope of a linear fit to the experimental 
data. Note that for each force value the 
median normalized elongation value and 
the standard deviation have been 
calculated. The black solid line is the 
linear fit to the median value of the 
experimental data. The shaded light grey 
area indicates the uncertainty of the fit. 
 
 
 
Table S1. Summary of the geometry of the different Gelfilm stripes studied in the force vs. elongation experiments 
employed to determine the Young’s modulus of the Gelfilm. 
 
Sample Type of gelfilm Length (mm) Width (mm) Thickness (µm) 
1 PF X4 6.5mil 63.5 14.67 165.1 
2 PF X4 6.5mil 63.5 10.25 165.1 
3 PF X4 6.5mil 63.5 10.0 165.1 
4 PF X4 6.5mil 63.5 9.86 165.1 
5 PF X4 6.5mil 63.5 10.86 165.1 
6 PF X4 6.5mil 63.5 10.0 165.1 
7 PF X4 6.5mil 63.5 10.0 165.1 
8 PF X4 6.5mil 63.5 4.95 165.1 
9 WF X4 6.0mil 76.2 10.0 152.4 
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Figure S3. Cross-section optical microscopy image to verify the thickness of the Gelfilm strip, which is in good 
agreement within the experimental resolution with the value provided by the manufacturer (6.5 mil, 165.1 µm). 
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Calibration of the optical microscope system 
 
Figure S4. Optical microscopy 
images of a DVD-RW, a DVD, a 
CD, a 600 lines/mm grating and a 
300 lines/mm grating used as 
reference samples to calibrate the 
optical microscope. The FFT of 
the images are shown besides the 
optical image where the period of 
the tracks can be easily extracted. 
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Figure S5. Relationship between the measured track distance (in pixels) and the expected values (in nm) for 
reference samples: DVD-RW, DVD, CD, and optical gratings with 300 lines/mm (Thorlabs GR13-0305) and 600 
lines/mm (Thorlabs GR13-0605). The linear fit of the data provides the calibration of the optical microscope 
system. 
 
Table S2. Summary of the reference samples measured to calibrate the optical microscope system. 
 
Reference sample 
Measured track 
distance (pixels) 
Expected track 
distance (nm) 
DVD 27.82 740 
DVD-RW 28.00 740 
CD 59.63 1600 
600 lines/mm 63.14 1666.67 
300 lines/mm 126.42 3333.33 
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Thickness determination 
 
 
Figure S6. Thickness-dependent “absorption” (1-T/T0) of the blue channel, extracted from the transmittance 
images, as a function of the number of layers. The white squares are the absorption measured on 248 different 
reference MoS2 flakes, 212 different reference MoSe2 flakes, 212 different reference WSe2 flakes and 223 different 
reference WS2 flakes with different thicknesses on Gelfilm (not subjected to buckling). The red circles are the data 
measured on the buckled MoS2, MoSe2, WS2 and WSe2 flakes used to determine the Young’s modulus. 
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Figure S7. Blue channel transmittance (T/T0) 
extracted from the linecut displayed in the inset 
for the multilayer MoS2 flake displayed in 
Figure 1b before and after releasing the strain 
on the elastomer substrate. The average 
transmittance value on the rippled region of the 
sample (after releasing the strain) matches 
almost perfectly with the value measured on the 
flat MoS2 before releasing the strain. 
 
 
 
Figure S8. Comparison between the thickness determination using the blue channel transmittance and Raman 
spectroscopy for the same MoS2 flake. (a) Transmission mode optical microscopy image of a multilayer MoS2 
flake with regions of different number of layers. (b) Thickness dependent “absorption” (1-T/T0) of the blue 
channel, extracted from the transmittance image at the highlighted locations, compared with the reference dataset 
shown in Figure S6. The thickness of these three regions have been determined to be 4L, 5L and 6L. (c) Raman 
spectra acquired on the same regions after transferring the flake onto a SiO2/Si surface to iron the ripples, thus 
avoiding any artefact arising from strain. (d) Raman shift difference between the A1g and E2g modes measured on 
the same locations where the transmittance was measured. The data has been compared with the thickness-
dependent Raman shift difference reported in Ref. [[40]] in order to determine the thickness of the regions. Their 
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Raman shift difference is compatible with the thickness of 4L, 5L and 6L. Note that the determination of the 
thickness for flakes thicker than 4L with Raman results way more challenging than with the blue channel 
transmittance analysis as the Raman shift magnitude starts to saturate at 4-5 layers thick. 
 
Young’s modulus determination for MoSe2, WS2 and WSe2 
 
Figure S9. Relationship between the wavelength of the ripples and the thickness of the MoSe2, WS2 and WSe2 
flakes. The solid dark blue line is a linear fit to the experimental data, the shaded light blue area indicates the 
uncertainty of the fit. The slope of the wavelength vs. thickness relationship, from which the Young’s modulus 
can be determined, is also included in the plot. 
 
Table S3. Summary of the resulting wavelength vs. thickness relationships and the obtained Young’s modulus. 
The value of the Poisson’s ratio (and the reference where these values is obtained) used for the Young’s modulus 
calculation has been included as well. 
 
Material λ/h ν E (GPa) 
MoS2 322 ± 15 0.27
[25] 246 ± 35 
MoSe2 310 ± 19 0.23
[26] 224 ± 41 
WS2 315 ± 29 0.22
[26] 236 ± 65 
WSe2 277 ± 22 0.19
[26] 163 ± 39 
 
Example of ripples below the microscope resolution 
 
 
Figure S10. Optical microscopy image of a MoS2 flakes with regions of different thicknesses where ripples are 
clearly visible for the thicker regions. The single-layer region should present ripples with periodicity of ~ 200-300 
nm that cannot be resolved with optical microscopy. Therefore, this technique is limited to study flakes thicker 
than 2-3 layers if an optical microscope is used to determine the ripple period. This limitation could be 
circumvented using an AFM. 
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Figure S11. (top left) Optical microscopy image of a MoS2 flakes with regions of different thicknesses where 
ripples are clearly visible for the thicker regions. The bilayer region should present ripples with periodicity of 
~400-500 nm that cannot be resolved with optical microscopy. (top right) AFM topography image of the same 
region illustrating how the bilayer region, in fact, presents ripples that cannot be resolved with the optical 
microscope. (bottom left) higher magnification topography image in the bilayer region. (bottom right) topographic 
line profiles where the ripple periodic oscillations (with an amplitude < 5 nm) can be resolved. 
 
 
Sensitivity of the determination of the Young’s modulus on the choice of Poisson’s ratio 
values 
 
 
Figure S12. Colour plot of the function 𝑍 =
(1−𝜈𝑓
2)
(1−𝜈𝑠
2)
, which appears in Equation 2 of the main text. The horizontal 
axis represents the Poisson’s ratio of the substrate, the vertical axis the Poisson’s ratio of the flake and the different 
colours the values of the function 𝑍. The black dot indicates the choice of and used in the main text for the 
determination of the Young’s modulus of MoS2. The function 𝑍 is slowly varying in the region considered. 
 
